Studies on the Inactivation of Influenza Virus: Comparison of the Effects of p-Benzoquinone and various Inorganic Oxidizing Agents * by Wagner, Robert R.
STUDIES ON THE INACTIVATION OF INFLUENZA VIRUS
COMPARISON OF THE EFFECTS OF p-BENZOQUINONE
AND VARIOUS INORGANIC OXIDIZING AGENTS*
ROBERT R. WAGNERt
Infection of susceptible host tissue with influenza virus appears to be
dependent upon several factors. In part, these are related to the host cell or
receptor, to the chemical environment of the cell-virus reaction, and to the
integrity of the virus particle itself. Modification of infectivity may be
achieved by altering any one of these factors in such a manner that the virus
particle is prevented from entering the host cell or will not multiply after
invasion. In addition to specific antibody, the presence in the reacting
medium of any substance that competes with host cell receptors decreases
the infectivity of the virus, presumably by interfering with adsorption.' A
state of relative refractiveness to infection may be produced by prior ex-
posure of animals to the "enzymic" action of cholera vibrio filtrates,' a re-
action which presumably destroys or inactivates the cellular receptors upon
which the infectivity of the virus depends.
The infective particle itself is susceptible to the direct action of various
agents. Exposure of influenza virus to ultraviolet irradiation produces a
rapid loss of infectivity, although the capacity to be adsorbed by susceptible
cells is retained for considerably longer periods. The infective and eluting
properties of the virus are relatively more heat labile than the hemaggluti-
nating capacity. A number of chemical compounds has been shown to have
in vitro virucidal activity,' "16 but for the most part their mechanisms of
action are poorly understood. In low concentrations some of these agents
act as enzyme inhibitors and in high concentrations as general protoplasmic
denaturants.
In an attempt to elucidate some of the factors concerned with the in-
fectivity of influenza virus, the effect of a group of compounds of known
reactivity was determined. The action of some simple oxidizing agents was
studied in relation to some of the biological properties of the virus.
Materials and methods
The PR8 strain of influenza A was used throughout. Allantoic fluid suspensions of
virus were prepared by inoculation of 10-day-old chick embryos by the allantoic route
with a 10' dilution of passage material. After incubation at 36.5°C. for 48 hours,
viable embryos were chilled at 4°C. for 4 hours and the blood-free allantoic fluids
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harvested. These fluids were pooled and stored at -76°C. in sterile, sealed ampoules;
samples of pools were removed for infectivity and hemagglutinin determinations.
The infectivity of individual pools was determined by inoculation of 0.2 ml. quantities
at logarithmic dilutions into each of 8 embryos. The 50 per cent embryo infective dose
(EID50) was calculated by the method of Reed and Muench.'
An embryo was considered to be infected if its 48-hour harvested allantoic fluid
would agglutinate an equal volume of 0.25 per cent washed chicken erythrocytes. In
all experiments, embryos receiving treated virus were compared with a similar number
of controls by noting the percentage of infected individuals in each group.
Hemagglutinin and antibody titrations were performed by the method of Salk' and
read after 90 minutes at room temperature. Chicken erythrocyte suspensions were
stored at 4°C. and were not used after 6 days. All serums were inactivated at 56C.
for 30 minutes.
Dilutions of chemicals and virus were made in physiologic salt solution buffered at
a pH of 7.0 with 0.25 M phosphate. All reagents used were purified or crystalline
preparations and solutions were prepared just prior to use. Cytochrome C was
extracted from beef heart by the method of Keilin and Hartree.' Allantoic fluids of
uninfected embryos inoculated with solutions of compounds used in these experiments
did not agglutinate chicken erythrocytes nor did they inhibit virus hemagglutination.
Experimental results
The effect of oxidizing agents on the infectivity of saline suspensions of
virus. Various compounds were screened for in vitro action on a constant
dose of virus. KMnO4, NaIO4, K8Fe(CN)e, and K2Cr207 were used as
representative inorganic compounds with relatively high oxidation poten-
tials. 02 and H202 were tested in order to determine the effect of increased
oxygentension on virus infectivity. P-benzoquinone was selected as a simple
organicoxidizingagentand its action compared with hydroquinone. Because
the toxicity of these compounds was a determining feature in selecting the
test dose, it was not possible to make a strict comparison of their effects on
the basis of equivalent concentrations from the standpoint of oxidation
potentials.
The experiments were performed by diluting the virus in solutions of
potential inactivators to 50EID5o, the elapsed time from dilution to injection
being less than 10 minutes. The effect of 02 was determined by bubbling it
into a 50 EID50 suspension of virus at 30 pounds pressure for 5 minutes. In
each case the infectivity for chick embryos of treated virus was compared
with an equal number of controls. A single pool of virus was used at a
dilution of 10- in buffered saline solution of which 0.2 ml. represented
50 EID50.
The results of these experiments are recorded in detail in Table 1. There
was no increase in embryo mortality except with H202 which was used in
one hundred times the molar concentration of the other materials. In 5 con-
trol series, totaling 101 viable embryos, the virus in saline had a mean in-
fectivity of 95.0 per cent with a standard deviation of 4.7 per cent. Com-
pared with this, 0.1 M H202 and 0.001 M NaIO4 reduced the proportion of
infected embryos to 11 and 30 per cent respectively, whereas 0.001 M solu-
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tionsofKMnO4 or quinone completely destroyed the infectivity of the virus.
All other materials were ineffective at the concentrations used.
The relative inactivating capacities of these agents were determined for
varying concentrations of virus. Eight embryos were inoculated at each
logarithmic dilution of virus in solutions of oxidizing agents and an equal
number of control animals received virus in saline. Two other materials
were used in the same manner. Cytochrome C was tested to determine if
a catalytic agent for oxidation could influence the susceptibility of the tissue
to infection. The effect of ammonium iodoxybenzoate was determined for
TABLE 1
PME CENT INFECTIVITY OF 50 EID60 OF PR8 Vmus IN SALINE SOLUTIONS
OF VARIOUS COMPOUNDS AT A PH OF 7.0
No. of embryos each group
Conc. Inocu- Dead Dead Infected Mortality Infectivity
Diluent (molar) lated 24hrs. 48hrs. survived (%) (%)
Saline 113 5/113 12/113 96/101 10.7 95.0
HO20 0.1 50 20/50 32/50 2/18 64.0 11.1
NaIOQ 0.001 50 4/50 5/50 13/43 10.0 30.2
Quinone 0.001 25 2/25 3/25 0/22 12.0 0
Hydroquinone 0.001 25 1/25 1/25 22/23 4.0 95.7
KMnO. 0.001 25 1/25 1/25 0/24 4.0 0
KsFe(CN)e 0.001 25 0/25 2/25 22/22 8.0 100.0
K2Cr2O7 0.001 25 0/25 2/25 22/23 8.0 95.7
02 30 lbs. 25 0/25 1/25 24/24 4.0 100.0
5 mins.
comparison with H202; both of these compounds liberate oxygen in solu-
tion. The 50 per cent infective endpoints of virus diluted in these com-
pounds and in saline are compared in Table 2.
In the concentrations used, 02, cytochrome C and ammonium iodoxyben-
zoatehad no appreciable effect on virus infectivity. H202 produced a moder-
ate reduction in infectivity at near-lethal doses; its action is attributable
either to release of active nascent oxygen or to its dehydrogenating capacity.
A common characteristic of the compounds that produced a significant re-
duction of virus infectivity is their dehydrogenating capacity. Apparently,
another important factor in the activity of these compounds is the pH of the
reacting medium; this probably accounts for the maintenance of complete
virus infectivity in neutral solutions of K3Fe(CN)6 and K2Cr207. There is
some correlation between the degree of inactivation produced by KMnO4,
NaIO4, and H202 and the oxidation-reduction potentials? of these com-
pounds. However, the action of quinone must be explained on some other
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basis since it is the most effective inactivator but a relatively poor oxidizing
agent.
The protective action of biological material. Ostravskaya, et al.,' reported
that H202 and KMnO4 caused relatively little reduction in infectivity of
unpurified mouse lung preparations of influenza virus. Knight and Stanley'
demonstrated a pronounced effect of oxidizing agents, such as iodine, on
highly purified allantoic fluid preparations of PR8 virus. The most plausible
explanation of these contradictory findings appears to be that the degree of
inactivation of virus is influenced to a great extent by the presence in the
suspending medium of oxidizable biological material. Purified virus is sus-
ceptible to oxidation, whereas virus exposed in mouse lung preparations is
protected by tissue debris.
TABLE 2
COMPARISON OF 50 PER CENT INFECTIVE ENDPOINTS OF PR8 VIRUS IN SALINE AND
OTHER DILUENTS. (8 EMBRYOS INOCULATED AT EACH LOGARITHMIC DILUTION)
Saline Experi- Log 50%
Test material control mental difference EID
as diluent Conc. 50%logtiter 50%logtiter infectivity protection
H202 0.2 M 5.82 2.0 3.82 6,607
NaIO, 0.001 M 7.09 3.81 3.28 1,906
Quinone 0.001 M 7.09 2.40 4.69 48,980
KMnO4 0.001 M 7.09 2.49 4.60 38,810
Ammonium 0.01 m 6.00 6.00 0 0
iodoxy-
benzoate
Cytochrome C 1.0 mg. 4.43 4.45 0 0
per ml.
Cytochrome C 1.0,g. 6.99 5.64 1.35 22
per ml.
To determine the effect of the presence of nonspecific oxidizable material
on virus inactivation, 40 per cent solutions of normal rabbit serum and
normal allantoic fluid and a 5 per cent solution of glucose in saline solution
were used as virus diluents. To these solutions the oxidizing agents were
added at the same concentration and allowed the same time of exposure as
in the previous experiments. The infectivity of 50 EID50 of virus in saline
solution treated in the same manner was determined concurrently.
KMnO4 and NaIO4 were incapable of producing any significant diminu-
tion in the infectivity of virus diluted in normal rabbit serum or normal
allantoic fluid. The inactivating effect of NaIO4 was also blocked by glucose.
In marked contrast to these protective effects was the action of quinone
which completely inactivated the virus regardless of the diluent (Table 3).YALE JOURNAL OF BIOLOGY AND MEDICINE
In vivo effects. These results do not exclude the possibility that oxidizing
agents act on the host cell rendering it refractory to virus infection. Hirst'
has shown that erythrocytes treated with NaIO4 will not adsorb influenza
virus and that this receptor-destroying action could be blocked by glucose.
To determine if the host cell receptor was the site of action of oxidizing
agents, saline solutions of these materials were injected by the allantoic
route. Ten minutes later the embryos were challenged with 50 EID50 of
PR8 virus by the same route.
With the possible exception of quinone, which produced a 23 to 28 per
cent reduction in infectivity, pre-inoculation of oxidizing agents caused no
change in the susceptibility of the embryos to infection. The action of
TABLE 3
THE PROTECTIVE EFFECT OF BIOLOGICAL FLUIDS ON THE INACTIVATION OF 50 EID5o OF
VIRUS BY OXIDIZING AGENTS (RESULTS EXPRESSED IN PER CENT INFECTIVITY)
Diluents (final concentration)
Normal Normal
Final rabbit allantoic
conc. Saline Glucose serum fluid
Inactivator (molar) 0.85% 5%O 40% 40%
Saline 95.0 93.0 94.7 90.0
H202 0.1 11.0 9.0
NaIO4 0.001 14.0 78.0 81.2 80.0
KMnO4 0.001 0 0 100.0 81.2
Quinone 0.001 0 0 4.3 0
quinone, however, is presumably largely on the virus particle, since when it
was injected in the same concentration 30 minutes after the virus, it reduced
the proportion of infected embryos to 55 per cent.
The antagonistic effect of reducing agents. The presence in virus sus-
pensions of hydrogen donators equimolar to the concentrations of the sub-
sequently added oxidizing agents should exert a neutralizing effect on their
inactivating capacity. This, of course, would depend on the uniformity of
action of theoxidizing agents and their site of action on theinfective particle.
In addition, the capacity of reducing agents to prevent virus inactivation
would be a function of the reaction times of the various materials and the
reduction potentials of the antagonists.
Solutions of cysteine, glutathione, methionine, and cystine at 0.002 M
concentrations were used as diluents for the virus and their effects compared
with that of a relatively strong reducing agent, I-ascorbic acid. To suspen-
sions of 100 EID50 of PR8 virus in solutions of these compounds, equal
volumes of 0.002 M solutions of oxidizing agents were added and then in-
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jected into embryos after 10 minutes at room temperature. The infectivity
of virus in solutions of saline, antagonists, and oxidizing agents alone served
as controls for each series of experiments. The virus lost none of its in-
fectivity in solutions of the amino acids, glutathione, or ascorbic acid when
the pH was maintained at 7.0. Dehydroascorbic acid also had no effect.
Knight and Stanley' reported that 0.05 N ascorbic acid reduced the infec-
tivity of influenza virus only with prolonged exposure by changing the pH
of the medium to the acid side.
Dilution of virus in ascorbic acid neutralized the inactivating effects of
quinone, KMnO4 and NaIO4. H202, in one hundred times the molar con-
centration of the other oxidizing agents, was still effective in destroying the
TABLE 4
RESISTANCE TO INACTIVATION BY OXIDIZING AGENTS OF 50 EID60 OF PR8 VIRUS WHEN
DILUTED IN SOLUTIONS OF "REDUCING AGENTS." (RESULTS EXPRESSED IN
PER CENT OF INFECTED EMBRYOS, 20-25 PER GROUP)
Antagonist as diluent
L-Ascorbic
L-Cysteine Glutathione D,L-Methionine L-Cystine acid
Final
Oxidizing conc. 0.001 0.001 0.002 0.001 0.001
agent (molar)
Saline 100.0 85.0 93.0 95.0 100.0
H202 0.1 100.0 20.0
NaIO& 0.001 5.3 0 75.0
KMnO, 0.001 0 14.0 88.2
Quinone 0.001 95.0 88.8 0 0 93.3
Hydro- 0.001 100.0
quinone
infectivity of the virus in ascorbic acid solution. Cysteine and glutathione
failed to protect the virus against the inactivating effect of equimolar con-
centrations of KMnO4 and NaIO4. However, these weak reducing agents
were completely effective in blocking the action of quinone and H202. This
neutralizing effect would seem to be due to the sulfhydryl groups of these
compounds since methionine and cystine had no influence on the virus in-
activating capacity of quinone (Table 4).
The effect of oxidizing agents on antigenicity. The antigenic potency of
influenza viruses appears to be more resistant to the effects of ultraviolet
irradiation of certain wave length and intensity17 than do the infective or
hemagglutinating properties.'
The effect ofoxidizing agents on the antihemagglutinin-producing activity
of the PR8 strain was determined in rabbits. The virus was diluted in
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0.002 M solutions of NaIO4, KMnO4, and quinone to a concentration of
10'. After standing at room temperature for one hour, 1.0 ml. of each sus-
pension was injected intravenously into male albino rabbits weighing 2,300
to 2,500 grams. Aliquots of these preparations were inoculated into chick
embryos, 1.0 ml. of the equivalent saline-diluted virus concentration repre-
sented 250,000 EID50. The virus in
0 _002 m NaIO4 solution showed residual in-
- -
4 fectivity but on no occasion were the
Na 04 KMnO4 or quinone-treated inocu-
0.002 lums infective for embryos. Each Ouinon' rabbit received three doses at weekly
Saline intervals and was bled 7 days after
-0 816 32 64 826 the last injection. Fifty-six-degree
Average differences in hemagglutination
inhibition of pre-and postinoculation inactivated pre- and postinoculation
inactivated serums. paired serums were titrated for
FIG. 1. Antibody responses of rabbits hemagglutination inhibition.
to PR8 virus in solutions of oxidizing
agents. Each rabbit received three intra- The average antihemagglutinin
venous injections of 250,000 EID50 at
weekly intervals. responses of groups of three animals
are represented in Figure 1. The
antigenic activity of this quantity of virus was almost completely destroyed
by KMnO4. NaIO4, representing a lower inactivating dose, produced a
moderate reduction of antigenicity. The virus preparations exposed to the
action of quinone were almost
as antigenic as the control _, .-
virus in saline solution. 2- \
. 2- **
The effect of oxidizing c " u
agents on virushemagglutinins. 9 8
The hemagglutinating capacity - 8 No\
of treated virus was deter- 16- ..
mined by diluting allantoic - 32- *. KMnO4
fluid containing PR8 virus -0 64-
with 20 volumes of 0.01 to o., 128- e e ....... ,SA
0.001 M concentrations of oxi- 2 3 4 5 6 7 8 9 10
dizing agents in physiologic Concentration of oxidizing agent times lO-3M
salt solution. NaJO4 solutions FIG. 2. Effect of oxidizing agents on PR8
hemagglutinins.
represented about 4 per cent
of the inactivating dose of equal concentrations of KMnO4 or quinone.
These virus suspensions were then centrifuged at 30,000 r.p.m. for 90
minutes and each sediment was reconstituted with buffered saline solu-
tion to the original allantoic fluid volume. To serve as controls, saline
suspensions of virus were treated in the same manner.
Results are represented graphically in Figure 2 as the loss of hemagglu-
tinating activity of a constant amount of virus treated with varying concen-
trations of oxidizing agents. The findings again indicate a dissimilarity of
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action of these agents. Quinone, which is most effective in destroying the
infectivity of the virus, altered its hemagglutinating activity only slightly
eveninhighconcentrations. Inminimalinactivatingconcentrations, KMnO4,
and to a lesser extent NaIO4, reduced the red cell agglutinating capacity of
influenza virus.
There was no detectable elution of adsorbed virus after treatment with
quinone.
The effect of soluble sulfhydryl compounds on inactivated virus. Experi-
ments were designed to determine if the effect of oxidizing agents on the
infectivity of the virus was reversible.
Solutions of minimal inactivating concentrations of NaIO4, KMnO4, and
TABLE 5
REACTIVATION IN PER CENT INFECTIVITY OF 50 EID5o OF PR8 VIRUS IN SOLUTIONS
OF OXIDIZING AGENTS
"Reactivator"
L-Ascorbic
Saline L-Cysteine Glutathione acid
Oxidizing Final
agent as conc. 0.01 0.01 0.01
diluent (molar)
Saline 100.0 90.0 60.0 100.0
KMnO4 0.0001 11.8 25.0 18.3 7.1
NaIO4 0.0005 60.0 76.5 64.7 63.0
Quinone 0.001 0 0 0
Quinone 0.0001 29.4 67.7
Quinone 0.00025 15.0 76.9 38.5 7.7
quinone were used as diluents for 50 EID50 of PR8 virus. Suspensions of
the virus in these solutions were kept at room temperature for 30 minutes.
Saline, cysteine, glutathione, and ascorbic acid were then added to aliquot
portions and injected into groups of 25 embryos.
There was some slight indication of greater infectivity of the virus in
solutions ofKMnO4 and NaIO4 after the addition of cysteine or glutathione.
Relatively high concentrations of cysteine were without effect on virus com-
pletely inactivated by 0.001 M quinone. However, cysteine, and to a lesser
extent glutathione, produced a significant reactivation of virus treated with
minimal inactivating doses of quinone. This capacity to restore a portion
of the infective capacity of inactivated PR8 virus was not exhibited by
ascorbic acid (Table 5).
Discussion
In solutions of various compounds that possess the common characteristic
of oxidizing activity, the PR8 strain of influenza A virus rapidly loses in-YALE JOURNAL OF BIOLOGY AND MEDICINE
fectivity. These agents, H202, NaIO4, KMnO4, and quinone, produced
varying degrees of inactivation but in general they were effective in low
concentrations at neutrality. K3Fe(CN)6 and K2Cr2O7 are active oxidizing
agents inacid solution but had no effect on the infectivity of neutral buffered
saline suspensions of virus. Ammonium iodoxybenzoate and 02 were also
ineffective, indication that infectivity of the virus is not affected byincreased
oxygen tension. The inactivation produced by the effective compounds,
therefore, appears to be associated with their dehydrogenating activity in
neutral solutions. It is presumed that the virus-inactivating effect of H202 is
related to its hydrogen-accepting capacity. There is some correlation be-
tween relative inactivating effectiveness and oxidation potentials of KMnO4,
NaIO4, and H202. However, quinone is a relatively poor oxidizing agent
but produced the greatest reduction in virus infectivity.
The action of KMnO4 and NaIO4 seems to be largelyanonspecific oxida-
tive phenomenon. Dilution of the virus with oxidizable biological material
like normal rabbit serum or normal allantoic fluid blocks their inactivating
effect. Glucose also protects the virus against the action of NaIO4. The loss
of hemagglutinating and antigenic properties of the virus in saline solutions
of these agents indicates that their action has resulted in a widespread de-
struction of virus substance. The findings of Hirst' of only slight loss of
hemagglutinating activity of periodate-treated Lee strain of influenza virus
are probably explicable on the basis of variation in total dosage, relative
differences in the presence of inert oxidizable material in undiluted speci-
mens and to some extent strain susceptibility.'
In comparison with the other inactivating agents, the action of quinone
is not inhibited by nonspecific oxidizable material, and when its injection
precedes or follows virus challenge by a short interval, there is a slight
reduction in the number of infected embryos. In concentrations sufficient to
render the virus noninfective, quinone produces little alteration of antigenic
or hemagglutinating properties. These results indicate that in low concen-
trations, quinone exhibits a selective action on the infective and eluting
properties of the virus. Its greater in vitro effectiveness may be explained
on the basis that its reactivity is partly limited to chemical groups that are
concerned with virus infectivity. On the other hand, some of the inactivat-
ingcapacityofKMnO4 and NaIO4 appears to be dissipated on virus radicals
not essential for infectivity.
The neutralizing action of ascorbic acid on the inactivating effects of
KMnO4, NaIO4, and quinone is presumably due to its strong reducing
capacity. This protective effect is not exhibited for KMnO4 and NaIO4 by
weak reducing agents like cysteine and glutathione. The quinone-inhibiting
effect of these latter compounds seems to be due to their sulfhydryl moieties
since methionine and cystine were not effective. The capacity of sulfhydryl
compounds to neutralize the antibacterial action of quinones and hydro-
quinones has been demonstrated,8 and presumably a similar chemical
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mechanism would apply to their protective action against the antiviral effect
of quinone. In vitro inactivation and modification of infection of chick em-
bryos has been demonstrated for the PR8 strain with certain dyes of the
quinone-imide group.'
Cysteine and glutathione were capable of restoring a significant portion of
the infectivity of quinone-inactivated virus. Klein, Perez, et al.,"' have
shown that BAL has a similar action on influenza virus treated with mer-
curic chloride. It seems likely that the primary action of quinone on this
virus is a reversible one, its presence resulting in the formation of a non-
infective but otherwise intact particle. The reactivation produced by cysteine
and glutathione appears to be associated with the presence in the suspending
medium of excess free sulfhydryl groups which are necessary for virus in-
fectivity.
Summary and conclusions
In saline solutions of KMnO4, NaIO4, H202, and quinone, influenza A
virus rapidly loses infectivity for chick embryos. With the exception of
quinone, which is the most effective inactivator, the relative inactivating
capacities of these compounds are correlated with their oxidation potentials.
The presence of nonspecific oxidizable material blocks the action of
KMnO4 and NaIO4 but not of quinone.
Ascorbic acid neutralizes the action of these inactivators when equimolar
concentrations are used. Cysteine and glutathione protect against the in-
activating effect of quinone but not of KMnO4 and NaIO4.
In solutions of KMnO4 there is a marked destruction of the hemagglu-
tinating and antigenic activities of influenza A virus. The effect of NaIO4 is
less pronounced, whereas quinone produces relatively little alteration in
these properties.
Cysteine, and to a lesser extent, glutathione are capable of restoring a
significant portion of the chick embryo infectivity of virus inactivited with
minimal effective doses of quinone. Under the same conditions, virus treated
with KMnO4 and NaIO4 regains little of its infectivity.
It seems likely that KMnO4 and NaIO4 are effective inactivators of the
PR8 strain of influenza virus by virtue of a nonspecific oxidation. In low
concentrations, quinone appears to have a selective affinity for virus con-
stituents that are associated with infectivity.
Evidence presented previously and in this report suggests that sulfhydryl
groups are essential for influenza virus infectivity.
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